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Corrosion and Protection of a Conductive Silver Paste 
V. Brusic,* G. S. Frankel,* J. Roldan, and R. Saraf* 
IBM Research Division, TJ. Watson Research Center, Yorktown Heights, New York 10598, USA 
ABSTRACT 
One of the possible uses for a conductive paste is as an adhesive in interconnect technology that could replace PbSn 
solder. The interconnections are expected to perform under a variety of environmental conditions, and with an applied 
voltage. Thus knowledge of their corrosion and dissolution resistance is of utmost importance. This is a study of the 
dissolution and protection of polymer/metal composite films, prepared with a high loading of silver or gold particles. 
Electrochemical tests were conducted in a droplet of triple-distilled water with or without benzotriazole (BTA) and BTA 
derivatives. Results indicate that, in spite of some protection obtained by the polymer, silver paste dissolution at high 
anedic potentials i rapid, reaching values of 10 -~ A/cm 2, which corresponds to a catastrophic silver removal rate of at least 
35.6 nm/s. With a reservoir of azole in the corrosive nvironment, this rate can be reduced by up to five orders of magnitude. 
This azole effect greatly reduces the probability of electrolytic silver migration, but the Ag dissolution rate is still higher 
than the anodic activity shown by  Au  paste under  the same conditions. 
Introduction 
Insulating thermoset and thermoplastic polymers can be 
made conductive by loading them with metallic powder 
particles uch as silver, copper, or gold. The resulting con- 
ductive paste has many potential applications. Such a ma- 
terial can be used for electrostatic discharge protection, 
electromagnetic interference shielding, and  as adhesive for 
interconnect technology that could replace PbSn solder. 
The  w idespread use of Pb  containing solder in electronics is 
an environmental  concern, and  regulations bann ing  Pb  are 
being considered. Whereas  paste conductivity is the critical 
property in intercennection applications, the corrosion and  
dissolution resistance are also of the utmost  importance. In 
order to be conductive, the paste has to have a high loading 
level, i.e., it should contain more  than 50 weight  percent 
(w/o) of the metal  powder.  Interconnections are expected to 
per fo rm under  a variety of environmental  conditions, and  
with an applied voltage, where  metal  dissolution can result 
in electrolytic migration, dendrite formation, and  eventu- 
ally electrical shorts or opens. Thus, the susceptibility of 
the paste to dissolve under  an applied potential indicates a 
potential p rob lem for a device in operation. 
This is a study of the dissolution and  protection of poly- 
mer /meta l  composite (PMC)  films, prepared in our labora- 
tory wi th a high loading of silver particles. Electrochemical 
tests were  conducted in a droplet of triple-distilled water  
with or without benzotriazole (BTA) and  BTA derivatives. 
Same of the patent literature, I as well as experience in our 
laboratory, has indicated that Ag  forms a thin layer of Ag-  
BTA in a manner  similar to Cu  under  the same conditions. 
Yet, the protective nature of Ag-BTA films is not well docu-  
mented.  Results are discussed in terms of observed protec- 
tion offered by  BTA and  compared  to the results obtained 
on a similar paste formulated with Au  particles. 
Experimental 
The PMC samples were prepared on a glass substrate as 1.,0Q 
blanket films with dimensions of 1.9 • 3.2 cm and a thick- I , 
ness range from 25 to 40 p~m. Ag or Au particles (with a ~_,oo 
typical oading factor of 88 w/o) were used in the prepara- 
tion of the paste. Some of the variations used in the PMC ..... 
preparation include (i) additions of 1000 ppm BTA to the 
paste formulating mixture, (it) 10 min immersion into an ~ ..... 
aqueous olution of 10 2M BTA, and (iii) 3 min dip into an ~ 
0.200  
alcohol solution of BTA or 5CH3BTA in concentrations of 
0.02 and  0 .2M prior to electrochemical evaluation of the ~ -0.200 
corrosion behavior in a selected electrolyte. The  tempera-  
ture of the alcohol-azole solution was  controlled in the -o.~o0 
range of room temperature to 60~ 
Plating tape was used to expose an area of 0.32 cm 2 for .... oo I I 
electrochemical testing. The electrochemical cell also con- 
tained a Pt mesh as a counterelectrode and a mercurous 
sulfate electrode (MSE, with saturated solution of K2SO4) 
as a reference lectrode, that were separated by a filter 
* Electrochemical Society Active Member. 
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paper. This cell design, described elsewhere, 2 was proven 
suitable for use with a small volume of an electrolyte, 
0.01 ml or so, and with electrolytes that are normally diffi- 
cult to handle or have low conductivity. Because of the 
closeness of the electrodes, the cell is suitable for tests in 
water without significant ohmic potential drop. The use of 
pure water as an electrolyte mimics the conditions that 
apply in processing (such as product rinsing) or in exposure 
to a humid atmosphere. The electrochemical tests consisted 
of corrosion potential measurement, which was inter- 
rupted in regular time intervals by measurement of linear 
polarization to determine the corrosion rate. After about 
10 min, when the open potential reached a stable value 
(changing no more than 2 mV/min), a potentiodynamic 
sweep was applied. A sweep rate of 1 mV/s was used, start- 
ing 250 mV below the corrosion potential and reaching 
1.3 V vs. MSE. In several tests, dissolution of Ag paste was 
examined by an application of a constant anodic potential 
and a continuous recording of the current, i.e., with poten- 
tiostatic ontrol. The electrolyte was water, with or without 
BTA or an azole derivative. 
Most of the electrochemical tests were conducted within 
hours of the paste preparation. Some of the experiments 
were performed after months of sample storage in either 
open containers, or in closed containers containing a dry 
5CHs-BTA reservoir. 
In a few experiments, using Ag foil, ellipsometry was 
used to determine the presence and thickness of Ag-azole 
films on the silver surface, and time-of-flight static sec- 
ondary ion mass spectroscopy (SIMS) was employed to de- 
termine the film composition. 
Results and Discussion 
Anodic dissolution of silver--Although noble, silver dis- 
solves in water saturated with air at a corrosion rate of 
t I I I 
f 
I I I I 
-15.00 -13,00 -II.o0 -S.O00 -7.o00 -5.000 -~.000 -I.O00 1.0o0 3.0oo 
~og(A/cm 2)
Fig. 1. Potentiodynamicpolarization curves for an Ag foil (solid 
line) and Ag paste (dashedline) samples measured in a droplet of 
water .  
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Fig. 2. Potentiedynamicpalarization curves measured on Au film 
(solid line) and Au paste (dashed line). 
about  I x I0 -7 A /cm 2 or 0.002 nm/min .  The  results obtained 
with a pure silver foil are shown in Fig. 1. Wi th  increased 
anodic potential, silver dissolution rapidly increases, in 
spite of the thermodynamic  prediction of higher valent sil- 
ver oxide formation. 3 Apparent ly  none  of the oxides that 
are expected to form, Ag20, Ag202, and  Ag203, are truly 
protective, and  at high anodic potentials Ag  dissolves with 
a current that (for the given experimental  area) exceeds the 
measurable  limit of the E G&G Princeton Appl ied Research 
273 potentiostat. The  highest measured  current density of 
I0 A /cm 2 corresponds to the dissolution rate of 3.6 x 
10 +6 nm/s  (with an assumpt ion that at these anodic poten- 
tials Ag  dissolves wi th  a three-electron exchange). These 
very high anodic rates measured  in water  conf i rm what  is 
already known f rom the anodic behavior of silver in 
aqueous solution 4 and  vast experience in electronic indus- 
try5: in the presence of humid i ty  and  bias, silver forms 
poorly passive, fairly soluble silver oxides. Dissolved ions 
increase the conductivity of the adsorbed water  layers, eas- 
ily migrate under  the influence of the electric field, and  
provide reactants for the cathodic reaction, wh ich  is depo-  
sition of Ag  dendrites. Thus  the magn i tude  of the anodic 
current in the water  droplet is a relative measure  of the 
vulnerability to fo rm electrical shorts in interconnection 
applications. 
Metal coverage in the conductive paste. - -The corrosion 
rate measured as current density (per geometric area) on Ag 
paste is about an order of magnitude smaller than that of 
Ag foil, Fig. 1. This indicates that the actual area of the 
metal available for reaction is about 10% of the available 
area, or that the polymeric coverage for this particular 
paste is about 90%. 
Dissolution of Au paste. - - In comparison to the Ag paste, 
the PMC film with Au  particles has significantly lower cur- 
rents both at the corrosion potential as well as at high an- 
odic potentials, Fig. 2. As  in the case of Ag, the apparent 
metal  coverage in the paste is about 90 %,  judging f rom the 
dissolution rates at the corrosion potential. The  Au  paste is 
possibly contaminated with some Ag  (from previous 
milling of the Ag  paste during formulation) that could ex- 
plain the observed current peak  be low 0 V. Both  Au  and  Au  
paste show relatively low anodic currents be low about 
0.8 V. The  measured  current density of about 10 -7 A/era 2 is 
about an  order of magn i tude  higher than the current due to 
charging of the double layer during the scan. For  a double 
layer capacitance of 20 FF /cm z, the capacitive current 
wou ld  be approximately 2 • 10 -6 A /cm 2. If the anodic cur- 
rent were  caused by  Au  dissolution, an average Au  removal  
rate wou ld  be i.I • 10 -2 nm/s. The  increase of the anodic 
current at potentials above 0.8 V is attributed to the evolu- 
tion of oxygen, wh ich  proceeds much slower than does the 
dissolution of Ag  at the same potentials. 
Effect of BTA and 5CH3BTA on dissolution of Ag . - -Po-  
tentiodynamic curves measured in water with 10-2M BTA 
show remarkable reduction of the Ag dissolution rate, 
Fig. 3. An increase of the corrosion potential and a decrease 
of the corrosion rate suggest hat the presence of this in- 
hibitor slows down preferentially the anodic reaction in the 
overall corrosion process, similar to the reports for the ef- 
fect of BTA on Cu corrosion. 6 In contrast o the case of 
copper, however, BTA is even more effective at high anodic 
potentials, with the average dissolution rate being more 
than four orders of magnitude lower than that measured in 
water alone. Moreover, the anodic dissolution rate of Ag 
paste in the presence of BTA is almost as slow as the rate 
measured on pure Au paste. 
Ellipsometric data on Ag foil that was immersed in the 
aqueous BTA solution, rinsed in water, and N2 dried, show 
a formation of a surface film with a thickness of about 
3 nm. This is very close to the thickness of Cu-BTA film that 
is normally formed on oxidized Cu surface under similar 
circumstance, i.e., 2.5 nm, 6,7 and thicker than the measured 
BTA films that weakly adsorb on metals, such as Fe, Ni, 
or A1, where the BTA film thickness is less than 0.5 nm. 
Time-of-flight static SIMS data indicate that the film is 
Ag-BTA. Ag + ions most likely occupy the same site in the 
benzotriazole ring as the Cu* ions in Cu-BTA complex.  
However ,  in contrast to Cu-BTA on Cu, thin Ag-BTA on Ag  
shows  only a marginal  protection against corrosion when 
retested for the corrosion in water  without a BTA reservoir. 
At  higher anodic potential, effects of the azoles were  ob- 
served only when these inhibitors were  present in a solu- 
tion as a reservoir. 
As  the thermal instability of BTA and  its derivatives is 
well documented,  6'7 additions of BTA to the paste during 
fabrication were  not expected to be successful in a prepara- 
tion of a built-in azole reservoir. This was  indeed conf i rmed 
by  experiments. However ,  immers ion  of paste into an alco- 
hol-azole solution resulted in a surface film that offered a 
significant protection in subsequent exposure to water, 
Fig. 3. Visual observation and  ellipsometric investigation 
of the Ag  foil immersed  in an alcohol-azole solution and  
dried (without rinsing) show a presence of a thick, white 
film. After rinsing in alcohol, the foil retains its shine, and  
ellipsometry indicates the presence of a film that is about 
3 nm thick. Thus, as well as forming a thin Ag-BTA com-  
plex, the process apparently blocks the pores in the paste 
by a precipitated, noncomplexed,  azole. 
The beneficial effect of the built-in azole reservoir in- 
creased with an increase in concentration and temperature 
of the azole-alcohol solutions. The most effective, repro- 
ducibly measured protection, was observed with concen- 
trated azole solutions (0.2M or more) applied at 50 or 60~ 
for 3 rain. Of the two azoles that were tested, 5CH3BTA 
offered a more effective protection. In the best cases, such 
reservoirs decreased the anodic dissolution in water four 
I I I I 
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Fig. 3. Potentiedynomic polarization curves measured on Ag paste 
in aqueous solution of 0.01M BTA (1), and in triple distilled water (2 
and 3) on Ag paste immersed for 3 min into an alcohol azole solution 
kept at 60~ prior to the measurements in water (2, alcohol contained 
0.2M BTA; 3, alcohol contained 0.2M 5CH3BTA alcohol). Data ob- 
tained on untreated Ag paste in water are plotted for a compari- 
son (4). 
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Fig. 4. Potentiodynamic curves measured on Ag paste treated with 
5CH3-BTA/alcohol mixture measured after 4 months of storage in an 
open container (curve 1). Results on unprotected paste (curve 3) and 
on protected paste, measured hours after the treatment (curve 2) are 
given for a comparison. 
(with BTA) to five (for 5CH3BTA) orders of magnitude. Un- 
der the best conditions, Ag dissolution approached the val- 
ues measured on Au paste in water, with the Au paste still 
being better by an order of magnitude. 
One of the most important properties of the paste, its 
electrical conductivity, is not changed by application of the 
azole reservoir. There are, however, some possible short- 
comings of this treatment, such as its effects on the appear- 
ance and on the surface conductivity of the treated part. 
The altered surface appearance is a consequence of the 
azole application without rinsing, with a residual, nonuni- 
form, film present over the entire exposed area. Its effect on 
surface conductivity cannot be easily predicted. By itself, 
this film is not conducting, and it should not cause electri- 
cal failures in the circuits. Dissolved in water, BTA in- 
creases olution conductivity: 0.01M BTA is 10 times more 
conductive than water alone. Thus, when the parts get ex- 
posed to an elevated relative humidity, dissolution of the 
azole in the adsorbed water layer should increase the con- 
ductivity of that film. The surface wetting, however, is ex- 
pected to decrease for the azole-treated surface? The over- 
all effect of the azo]e film on the behavior of an electronic 
circuit exposed to humidity and bias will be experimen- 
tally evaluated at a future time. 
The potentiodynamic curves recorded on samples that 
were treated with the azole-alcohol solutions show some 
level of current instability (Fig. 3-5). The origin of the 
recorded noise is not fully understood, but it might be 
rooted in somewhat dynamic wetting of the rough paste 
surface, a fast localized dissolution of Ag, and a delayed 
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Fig. 5. Potentio_dynamic curves measured on Ag paste treated with 
CH3-BTA/alcohol mixture measured after 4 months of storage in a 
closed container with a surplus of CHa-BTA powder (curve 1). Results 
on unprotected paste (curve 31 and on protected paste, measured 
hours after the treatment (curve 2) are given for a comparison. 
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Fig. 6. Variation of current density with time during potentiostatic 
oxidation of azole-alcohol treated paste at 0.5 V (dashed line) and 
1.0 V MSE (solid line) in water. Sample was stored in an azole 
containing container for 6 months prior to the electrochemical test. 
reaction of Ag ions with dissolved azole. In contrast, anodic 
currents obtained on azole-a]cohol treated samples in po- 
tentiostatic experiments are very stable. Figure 6 shows 
the current density-time curves for a sample treated with 
5CH3-BTA and stored in a closed container with a surplus 
of azole for more than 6 months and then oxidized in water 
at 0.5 and 1.0 V MSE, respectively, for 20 rain. Similar data 
for untreated paste oxidized at 0.15 V are shown in Fig. 7. 
The steady-state current densities follow closely the be- 
havior predicted from the potentiodynamic polarization 
curves, Fig. 1 and 5. Oxidation of Ag is fast, causing notice- 
able surface roughening, dissolution and precipitation of 
silver oxides, all resulting in a large variation in current 
density. Dissolution rate is of the order of magnitude of 0.15 
A/cm 2 at 0.15 V, Fig. 7. (In comparison, currents obtained 
on Ag foil are higher and even more noisy.) The azole-alco- 
hol treated sample shows a dissolution rate below 1 ,'< 
10 -8 A/cm 2 at 0.15 V, 3.7 x 10 -~ A/cm 2 at 0.5 V, and 3.1 • 
10 -? A/cm 2 at 1.0 V. Thus, again, the reduction of the disso- 
lution rate provided by the azole-alcohol treatment is at 
least five orders of magnitude. 
Both BTA and 5CH3-BTA have relatively high vapor 
pressure (0.09 and 0.02 mm Hg at 40~ respectively), and 
the paste protection by noncomplexed azoles should de- 
crease with time. Thus the electrochemical tests were re- 
peated four months after the application of the 5CH3-BTA/ 
alcohol treatment with some films being stored in an open 
container and some in a closed container that also had an 
added CH3-BTA powder. The results are given in Fig. 4 and 
5. Sample stored in an open container has somewhat higher 
corrosion rate as well as a dissolution rate at higher anodic 
potentials than measured immediately after CH3-BTA ap- 
plication, but the dissolution is still about four orders of 
I I I I I I 
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Fig. 7. Variation of current density with time during patenfiostatic 
oxidation of untreated Ag paste at O. 15 V. Results of two separate 
experiments are plotted. 
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magnitude slower than that measured on unprotected 
paste, Fig. 4. A sample stored in a closed container with a 
reservoir of CH3-BTA powder has improved its corrosion 
and dissolution resistance, and its overall activity is 
smaller than measured on Au paste, Fig. 5. 
Conclusions 
1. The polymer used in the paste fabrication provides 
coverage of more than 90% for Ag particles, and a corre- 
sponding decrease of the Ag corrosion and dissolution. In 
spite of the protection, the dissolution of silver at anodic 
potentials reaches the current density of 10 -1 A/cm 2, which 
far exceeds the rate of oxygen evolution and corresponds to
the rate of Ag removal of at least 35.6 nm/s. 
2. In an aqueous olution containing BTA, the anodic 
dissolution of Ag particles is greatly reduced. The behavior 
of the paste becomes imilar to that of Au paste except for 
the fact that even the oxygen evolution reaction is greatly 
suppressed. 
3. A rese~coir with either BTA or 5CH3BTA can be built 
into the paste by a short immers ion  of the paste into an 
alcohol-azole mixture at elevated temperature fol lowed by 
nitrogen drying. The  bulk  of the residual film is composed 
of noncomplexed  BTA or 5CH3BTA.  Because of their rela- 
tively high vapor  pressure, (0.09 mm Hg for BTA and  
0.02 mm Hg for 5CH3BTA) ,  these films should disappear 
with time. 5CH3BTA is both a better protector and  more  
stable than BTA.  The  effective protection of either of these 
films can be prolonged indefinitely, if they are kept in an 
enclosure with a solid azole reservoir. 
Manuscript submitted Jan. 30, 1995; revised manuscript 
received April 7, 1995. This was Paper 223 presented at the 
Miami Beach, FL, Meeting of the Society, Oct. 9-14, 1994. 
IBM Research Division assisted in meeting the publica- 
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Rupture of an Oxide Blister 
R. I.. Ryan and E. McCafferty 
Naval Research Laboratory, Washington, DC 20375, USA 
ABSTRACT 
Expressions have been derived which describe the critical stress and pressure necessary torupture oxide blisters which 
form on aluminum during the growth of corrosion pits. These expressions have been derived and evaluated for radial cracks 
in the oxide blister. The  critical stress and  corresponding pressure for rupture decrease with increasing blister radius and  
decrease with increasing crack length. The  critical stress is independent  of the ratio of oxide film thickness to blister radius, 
whereas  the rupture pressure increases with this ratio. The  critical stress is independent  of Poisson's ratio for the oxide film 
whereas  the rupture pressure is weak ly  dependent  on Poisson's ratio for the oxide film. 
In~oduction 
The propagation of corrosion pits on aluminum leads to 
the formation and rupture of blisters above the corrosion 
pit. 14 These blisters are produced by the generation of hy- 
drogen gas within the active pit. A previous detailed study I 
has shown that such blisters evolve through four stages: (i) 
the formation of a primary crack or pore in the oxide film 
(see Fig. i) so as to allow contact between the solution and 
underlying metal, (it) metal dissolution and hydrogen pro- 
duction at the oxide/metal interface, (iii) formation of a 
hydrogen pocket within the blister, and (iv) eventual rup- 
ture of the blister caused by the increasing hydrogen pres- 
sure (see Fig. 2). 
As has been noted previously, I the hydrogen bubble will 
stay trapped under a cracked film because small bubbles 
are unstable and will grow into a larger bubble. For a 
spherical bubble of radius r, the pressure differential p 
across the bubble is given by the well-known Young and 
Laplace equation: p = 27/r, where 7 is the surface tension of 
the membrane. The pressure differential is greater for small 
values of r so that this internal pressure will cause the bub- 
ble to grow into a bubble of larger r Pickering and Harris 6'7 
have provided evidence for the formation of large stable 
bubbles within localized corrosion cells. 
In Ref. I, the critical stress associated with blister rup- 
ture was calculated via a Griffith-type analysis. That anal- 
ysis was based on the a priori assumption of a hemispheri- 
cal blister. Also, the rupture pressure was not explicitly 
calculated. In the present analysis, calculations ofboth the 
rupture stress and rupture pressure, based on the equi- 
l ibrium shape of the blister, are provided for radial cracks 
in a blister as shown in Fig. 1.1 
Equilibrium Shape of a Blister 
From the data given in Ref. 1, it is apparent that the 
thickness-to-radius ratio, S = h/a, is of the order 10 3, 
whereas the peak vertical displacement of the pressurized 
blister is much greater than h. Accordingly, the blister may 
be modeled as a very thin membrane with no flexural resis- 
tance and undergoing large deflection. A close approxima- 
tion to the deformed shape of the blister, as well as the 
membrane stresses, can be obtained by the principle of vir- 
tual displacements. 8 It is assumed that the membrane is
fixed to the base metal along a circular perimeter, and the 
internal pressure is constant. Thus, prior to the rupture 
process, the deformed shape has circular symmetry. The 
strain energy of the membrane, xpressed in polar coordi- 
nates is 8 
1 
V= ~ fA~ (Nrer + N~e~)r dr dO [1] 
